Methionine partitioning between protein turnover and a considerable pool of transmethylation precursors is a critical process in the neonate. Transmethylation yields homocysteine, which is either oxidized to cysteine (ie, transsulfuration), or is remethylated to methionine by folate-or betaine-(from choline) mediated remethylation pathways. The present investigation quantifies the individual and synergistic importance of folate and betaine for methionine partitioning in neonates. To minimize whole body remethylation, 4-8-d-old piglets were orally fed an otherwise complete diet without remethylation precursors folate, betaine and choline (i.e. methyl-deplete, MD-) (n=18).
Introduction
The metabolic demands of protein turnover and transmethylation are integral to the methionine requirement, and partitioning among these critical processes ensures that growth and maintenance demands are fulfilled in the neonate. However, quantifying methionine partitioning is complicated because methyl donors in the form of 5-methyl tetrahydrofolate (folate) and betaine (derived from choline) serve to remethylate homocysteine (ie, demethylated methionine) and re-form methionine (Supplemental Figure 1 ). The capacity of remethylation flux to furnish transmethylation and protein turnover has been demonstrated in a methionine-restricted neonatal piglet model [1, 2] , but it is yet unclear whether dietary remethylation precursors must act in synergy, or whether betaine/choline or folate can sufficiently supply remethylation demands independently.
The enzymes that facilitate remethylation from folate and betaine are methionine synthase (MSyn) and betaine:homocysteine methyltransferase (BHMT), respectively.
Interestingly, BHMT and MSyn appear to be both interrelated and adaptable. For example, a low choline intake in rats leads to depleted hepatic folate concentrations [3] , whereas a low folate intake depletes hepatic choline concentrations [4] . However, in the latter case, it is unknown whether choline depletion was due to greater consumption (via greater BHMT activity) or insufficient production (via lower synthesis from phosphatidylcholine (PC)). The production of choline from PC oxidation is a major metabolic process [5] , and the further oxidation of choline to betaine allows the body to A C C E P T E D M A N U S C R I P T 5 reform methionine, which in turn can be used to synthesize PC via transmethylation. Due to the nature of choline as both a transmethylation product (via phosphatidylethanolamine methyltransferase (PEMT)) and remethylation precursor (via betaine), its supplementation could potentially downregulate transmethylation as well as enhance remethylation. However, choline is not considered a labile methyl donor, per se, since betaine is the actual precursor for BHMT. The focus of this investigation was to determine whether betaine or folate can furnish remethylation equally.
Studies that have compared supplementation with remethylation precursors, folate and betaine, have provided conflicting, and sometimes confusing results. For example, in broiler hens fed graded levels of methionine, choline and betaine, the majority of in vitro remethylation was attributed to MSyn [6] . Similarly, in otherwise well-nourished young women, remethylation via MSyn accounted for the vast majority of total remethylation, and although folate restriction marginally reduced the percent of remethylation from serine (ie, via the folate cycle), it had no effect on whole body remethylation; the authors suggested that "a one-carbon donor other than serine (e.g. betaine) can be used to compensate for impaired folate-dependent remethylation" [7] . Indeed, betaine supplementation did not increase remethylation in folate-replete young men, but transmethylation and methionine oxidation were both greater. It was suggested by those investigators that excess betaine may increase the methionine requirement [8] . And finally, betaine and folate supplementation were both effective at reducing circulating homocysteine; however, betaine supplementation was considered more effective at mitigating a homocysteine rise during a methionine load test [9] . What these studies collectively demonstrate is that both betaine and folate are responsive to higher
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A N U S C R I P T 6 remethylation demand, but whole body remethylation is tightly regulated under conditions of adequate dietary methyl supply. Our group has recently shown that remethylation is highly responsive to the presence of choline, betaine and folate during methionine restriction in vivo [1] , but it is not clear whether folate or betaine can fulfill in vivo remethylation demands alone.
The objective of this study was to measure the effects of folate and betaine on methionine partitioning in a methyl-restricted neonatal piglet. Methionine partitioning was measured initially in piglets fed a diet devoid of folate, choline and betaine, and was reassessed after the provision of folate, betaine or folate + betaine. The subsequent provision of dietary remethylation precursors was termed rescue, and is used hereafter to refer to the period after the repletion of a dietary remethylation precursor(s).
Materials and Methods
Chemical reagents and isotopes
All chemicals and reagents were of the highest available purity and were obtained from Sigma (St. Louis, MO), Fisher Scientific (Fair Lawn, NJ) or Alfa Aesar (Ward Hill, MA). Amino acids were from Ajinomoto, Co (Tokyo, Japan). [ 
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Piglets and surgical procedures
The animal care committee at Memorial University of Newfoundland approved all animal protocols performed herein. Eighteen 4-8-d-old Yucatan miniature piglets (9 male, 9 female) were removed from the sow and transported to a small animal care facility from the University vivarium. Animals were anesthetized with intramuscular injections of acepromazine (0.5 mg/kg; Atravet; Ayerst Laboratories), ketamine hydrochloride (20 mg/kg; Rogarsetic Rogar STB) and atropine (20 mg/kg; Rafter Dex Canada). An endotracheal tube was inserted and animals were maintained on anesthesia using 0.5-1.0% isoflurane. Gastric and venous catheters were surgically implanted as previously described [10] .
Dietary regimens and study protocol
Piglets were fed elemental diets continuously using a regimen described previously [1, 2, [10] [11] [12] . Briefly, piglets were adapted to gastric diets post-surgery and within 36 h were fed 100% of target rate of 11.3 mL/(kg•h). Both adaptation and test diets provided 16 g/(kg•d) of protein supplied by crystalline amino acids and 1.1 MJ/(kg•d) of non-protein energy was provided in a 1:1 ratio of carbohydrate (dextrose) and fat (soybean oil); oil was administered into the diet line at a rate of 0.12 mL/(kg•h). Vitamins and minerals were provided in the diet at >100% of piglet requirements. Pigs were weighed daily and diet infusion rates adjusted accordingly.
Piglets (n = 18) were fed adaptation diets that were devoid of dietary folate, betaine and choline, but were otherwise nutritionally replete for the first 5 d, as described
previously [11] . These experimental dietary conditions were used to minimize whole body remethylation by omitting remethylation pathway precursors; the effects of dietary remethylation precursors can then be assessed by re-introduction. Although serine and glycine are also considered methyl donors, because they are non-essential amino acids and readily synthesized, they were not omitted from the diet. On the evening of study Day-5, the dietary methionine supply changed from 0.3 mg/(kg•d) to 0.2 mg/(kg•d) (MD-), in order to restrict available methionine to approximately 80% of the piglet methionine requirement [10] [11] [12] , which would allow detection of an increase in methionine availability due to remethylation; only 16 h of dietary adaptation are necessary to elicit a response to methionine availability without compromising health [12] . The MD-piglets were fed this diet until study Day-7 (ie, Pre-Rescue) when they received a primed:constant infusion (20 µmol/kg:10 µmol/(kg•h), respectively) of [ 13 C]methionine and [ 2 H 3 -methyl]methionine into their gastric catheter for 8 h. The infusion occurred in an airtight plexiglass chamber that permitted frequent blood sampling through the jugular catheter as well as breath sampling and collection using a metabolic cart system (Qubit Systems, ON) [1, 11] . Immediately following the infusion, piglets were fed the same MDdiet supplemented with 38 µg/(kg•d) folate (MD+F) (n = 6), 235 mg/(kg•d) betaine (MD+B) (n = 6) or both folate and betaine (MD+FB) (n = 6). Animals remained on these 'rescue' diets until the completion of the repeated methionine infusion on Day-10 (ie, Pre-Rescue). Because neonatal methionine metabolism adapts to dietary intake changes within 16 h [12] , we expected a 2-day rescue to be sufficient to change remethylation to methionine in a steady state manner. To account for dietary contribution of methionine tracers, methionine in the diets during isotope infusion was reduced so total methionine
intake was unchanged. Folate was supplemented at a rate providing 200% of the daily folate requirement in a piglet and betaine was supplemented at the molar equivalent of the methionine requirement [11] . At the end of Day-10, piglets were anesthetized and their livers were rapidly extracted and flash frozen. Liver samples were stored at -80 °C until used to measure cystathionine beta-synthase (CBS), MSyn and BHMT activities. A schematic representation of the study design is found in Figure 1 .
Analytical Procedures
Plasma amino acids were measured with their phenylisothiocyanate derivatives as described previously [13] . Methionine kinetics were calculated by measuring plasma enrichment with a GCMS in EI mode following derivatization with pentafluorobenzyl bromide and by monitoring the following ions: 328 for methionine, 329 for [1, 14] . The collection and
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A C C E P T E D M A N U S C R I P T 10 enrichment of [ 13 CO 2 ] in breath was measured using an IRMS as described previously [11] . Briefly, piglets were infused with isotopes while in air-tight chambers with air drawn through the boxes with a vacuum pump. Breath samples with [ 13 CO 2 ] were collected in 1 M NaOH and the rate of CO 2 production determined using an indirect calorimetry system (Qubit Systems). The in vitro activities of MSyn, BHMT and CBS were measured in liver homogenates exposed to radioactive substrates as reported elsewhere [1, 15] .
Calculations
All calculations have been reported previously [1] . Briefly, whole body methionine flux was calculated using isotope dilution in plasma. The kinetic parameters of methionine metabolism, ie, transmethylation, transsulfuration and remethylation, were calculated by: the difference between [ 13 C 1 ]methionine and [ 2 H 3 -methyl]methionine flux rates (ie, transmethylation); the appearance of [ 13 CO 2 ] in breath (ie, transsulfuration); and the difference between transmethylation and transsulfuration (ie, remethylation) [1, 16] .
Plasma [M+1]homocysteine enrichment was used to reflect intracellular methionine enrichment [17] . Choline enrichment in plasma was used to calculate the fraction of methionine flux that was devoted to choline oxidation by the fraction of product flux (FPF Methionine  Choline ) and fractional net conversion (FNC Methionine  Choline ), as described previously [1] . 
Results
Animals
All groups were balanced for weight and sex. Pre-rescue piglet weights were 2.4 ± 0.3, 2.4 ± 0.4 and 2.4 ± 0.2 kg for folate, betaine, and folate + betaine, respectively, and were higher post-rescue (2.9 ± 0.1, 2.9 ± 0.4 and 2.7 ± 0.3 kg for folate, betaine, and folate + betaine, respectively), with no differences in weight among supplementation groups. All animals gained weight during methyl restriction and there was no effect of any particular methyl rescue group on fractional weight gain between Day-0 and Day-7 (91.0 ± 27.4, 93.9 ± 69.9, and 77.5 ± 20.6 g/(kg•d) for folate, betaine, and folate + betaine, respectively) or between Day-7 and Day-10 (85.6 ± 48.1, 71.1 ± 16.2, and 66.9 ± 36.5 for folate, betaine, and folate + betaine, respectively).
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Effects of methyl restriction on plasma metabolites
The effect of methyl restriction on methionine cycle intermediates was assessed by comparison of plasma metabolite concentrations at baseline (Day-0 or -1) and Pre-Rescue on Day-7 ( Table 1) . Even with this short 7-day intervention, plasma choline, folate and DMG concentrations decreased by 70%, 65% and 99%, respectively (P < 0.05) during MD-feeding. Plasma betaine concentration dropped below the limit of detection by Day-7 in MD-piglets. The concentration of plasma homocysteine was unchanged after MD-feeding but plasma methionine and cysteine concentrations dropped 30% (P = 0.0004) and 45% (P < 0.0001), respectively, during this same period. The validation of feeding this methyl-restricted diet in rapidly growing piglets has been described previously [1, 11] .
Effect of rescue on plasma metabolites
The effects of methyl rescue on methionine cycle intermediates and relevant amino acids are summarized in Table 2 
Methionine metabolism
The enrichments of [ 13 C 1 ]methionine, [ 2 H 3 -methyl]methionine, Table 3 ). Methyl rescue also led to lower whole body protein breakdown (P < 0.05) but protein deposition was unchanged. In all cases the paired data matched significantly (P < 0.0001).
Dietary remethylation precursors had a profound effect on choline enrichment
(MPE), which reflects enhanced PC oxidation to free choline (via methionine) when expressed as the fraction of product flux (FPF Methionine  Choline ) (P = 0.0007) and fractional net conversion (FNC Methionine  Choline ) (P = 0.001) ( Table 3) . There was no statistical interaction among individual remethylation precursors.
Hepatic MSyn, BHMT and CBS activities were not sensitive to rescue treatment ( Table 4) , which is in line with in vivo data demonstrating no interaction among treatment groups.
Discussion
The study objective was to determine the individual and synergistic effects of betaine and folate on remethylation and methionine partitioning to transmethylation or protein synthesis during the neonatal phase, when all metabolite pools are rapidly
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15 expanding. To accomplish this objective, we developed a nutritional model to minimize remethylation by limiting dietary precursors for remethylation pathways. In order to detect an increase in methionine availability with methyl rescue, we also fed a moderately deficient methionine diet. The resulting change in methionine metabolism allowed us to quantify the contribution of remethylation to methionine availability, which will be applicable to a complete nutritional model. This model successfully reduces whole body remethylation flux by 60% [1] . After two days of rescue with dietary folate, betaine or both, we hypothesized that the increased remethylation will increase available methionine and stimulate protein synthesis and/or transmethylation pathways. We found folate and betaine to be equally capable of increasing methionine availability by remethylation, which translated to similar transmethylation flux. Furthermore, there appears to be no metabolic advantage of providing both folate and betaine, as betaine alone was as effective as folate in regenerating methionine for transmethylation.
Rescue with remethylation precursors resulted in higher remethylation, which was anticipated as homocysteine reduction has been shown to occur with folate [18] and betaine [9] supplementations in humans. Moreover, betaine was as effective as folate in facilitating whole body remethylation in vivo, and supplementation with both folate and betaine (MD+FB) did not further increase remethylation. Notably, the rescue by folate and betaine increased remethylation to rates (15.4 ± 6.7 µmol Met/(kg•h)) similar to those in piglets fed complete diets (with folate, choline and betaine) for 8 d (12.1 ± 6.0 µmol Met/(kg•h)) [1] . These data demonstrate fine control of remethylation in response to methyl group availability in neonates, which is in agreement with data in adults [7, 8, 19] .
Moreover, by feeding an elemental diet to neonatal piglets and using isotope kinetics
approaches, we were able to calculate the contribution of remethylation to methionine availability. Combined, the provision of remethylation precursors led to 80% more de novo methionine, or + 6.9 µmol methionine/(kg•h). While plasma methionine concentration was unaffected by methyl rescue, the sum of remethylation and dietary methionine during MD-feeding was 96.5 µmol methionine/(kg•h), which increased to 103.4 µmol methionine/(kg•h) during rescue, and equals the dietary methionine requirement of the piglet [20] . However, the published requirement does not factor for methionine made available from remethylation, and these comparisons may not be valid.
Folate and/or betaine provision led to greater in vivo methionine partitioning towards transmethylation, and reduced protein breakdown (Figure 3 ). Indeed, methyl group rescue led to a greater fraction of methionine flux for transmethylation (ie, TM/Q M ), which corresponded with a reduced fraction of methionine flux for protein synthesis (ie, PS/Q M ). These data suggest that during low methionine availability, transmethylation is secondary to protein synthesis in neonates. Furthermore, protein breakdown was reduced post-rescue suggesting that during methyl restriction, methionine that was initially partitioned towards protein and then released during breakdown also tended to be made available for transmethylation. In other words, as methyl groups facilitated remethylation after rescue, then more methionine was available for partitioning through transmethylation, and the reliance on protein breakdown as a methionine source was reduced.
We found that the provision of a methyl group resulted in significantly higher de novo choline formation. This is in agreement with our previous finding that the FSR of PC was greater during MD-feeding [10] . Assuming that hepatic PEMT was also A C C E P T E D M A N U S C R I P T 17 enhanced in these MD-piglets, we hypothesize that the provision of remethylation precursors resulted in a higher flux through PEMT, which is supported by greater [M+3] choline appearance during rescue. The appearance of the [ 3 H-methyl] moiety into plasma choline was traced to gain insight into an important transmethylation pathway that can also feed remethylation. In a previous study, we found that feeding diets devoid of folate, betaine and choline led to greater flux through PEMT to synthesize PC and presumably provide choline [1, 10] . In the current study using the same MD-diet, we have shown that adding back betaine and/or folate indeed led to enhanced choline production from PEMT flux. These data suggest that PEMT is sensitive to methyl supply and may regulate methyl balance through choline production. Because plasma choline did not change with rescue, the newly synthesized choline was either rapidly reincorporated into PC by the cytidine diphosphate-choline pathway to help overcome choline restriction [22] , or it could have been used to synthesize betaine to reform methionine. Future investigations may quantify choline flux in these animals to gain further insight into the potential cycling of methyl groups through choline, as well as to quantify the partitioning of choline in tissues.
Methyl rescue did not have a discernible effect on in vitro remethylation or transsulfuration enzymes. This finding was contrary to the hypotheses that BHMT and MSyn activities would be diminished when their respective substrates were eliminated, or induced when the opposite substrate was eliminated [6, 7] . Plasma methionine concentration was not affected by rescue, and because BHMT, MSyn and CBS activities have been shown to be governed by methionine concentration in rat liver slices [23, 24] , it is perhaps not surprising that in vitro capacity of these enzymes was not affected.
18 Furthermore, we have also previously reported that BHMT, MSyn and CBS activities and expressions were not sensitive to MD-feeding compared to methionine-restricted piglets fed choline, betaine and folate [1] . Interestingly, plasma folate concentration more than doubled after betaine rescue ( Table 2 ), suggesting that betaine supplementation facilitated flux of methyl groups via both BHMT and MSyn, possibly via dimethylglycine which is a product of BHMT and can provide methyl groups for the folate pathway [6] . Similarly, folate rescue led to greater choline production ( Table 3) , which may have provided betaine for BHMT despite no detectable rise in plasma betaine in that group. Although plasma folate was 65% lower with MD feeding, we did not demonstrate hepatic folate deficiency per se, so it is possible that the response to dietary folate compensated for betaine depletion, or vice versa. Regardless, we can still make the conclusion that dietary betaine is as effective as folate at enhancing remethylation and transmethylation. Because the two remethylation pathways interact, more work is needed on respective enzyme regulation and potential therapies using both folate and betaine.
This study demonstrates an equal capacity of betaine and folate to enhance remethylation and transmethylation. Betaine was as effective as folate at lowering plasma homocysteine, which may represent a valuable strategy to overcome an underlying polymorphism affecting folate-mediated remethylation. Given betaine's ability to drive remethylation via both remethylation pathways, it may be theoretically more effective than folate at performing remethylation and lowering homocysteine concentrations.
Furthermore, due to widespread polymorphisms in folate metabolism, the inclusion of betaine to infant formula, and multivitamin mixtures may be prudent.
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The critical nature of transmethylation cannot be understated as a major consumer of methionine, and the metabolic capacity to fulfill this process is integral to the pediatric methionine requirement and essential for healthy development. Our nutritional model was designed to manipulate the metabolic pathways of the methionine cycle in order to quantify the contributions of dietary nutrients on remethylation and methionine availability. The availabilities of most methionine cycle nutrients (e.g. methionine, cysteine, betaine, choline, folate, vitamin B 6 , vitamin B 12 , creatine, phosphatidylcholine) are widely variable in infant diets and can impact methionine availability [25] . By manipulating some of these nutrients in our model, we were able to quantify the amount of available methionine generated from dietary betaine and folate. Such information can be used to refine neonatal methionine requirements; for example, the inclusion of folate and betaine in infant diets can furnish enough methionine for the transmethylation requirement during protein restriction in the neonate. 
